Purpose: We sought to determine whether dysregulation of the retinoblastoma (RB) tumor suppressor pathway was associated with improved response to neoadjuvant chemotherapy in breast cancer.
Introduction
In recent years, there has been an emphasis on breast cancer treatment that is directed at altered regulatory pathways in the tumor. For example, the presence of Her-2 overexpression/amplification is associated with sensitivity to trastuzumab and other agents that target the receptor, and is therefore, used clinically to direct therapy (1) . While such markers are useful, additional undefined pathways contribute to the response to commonly used therapies. For example, in estrogen receptor (ER)-positive breast cancer, while a substantial fraction of patients respond to endocrine therapy, there are clearly determinants beyond ER and Her-2 that contribute to therapeutic sensitivity (2) . In triple negative breast cancer, there are no established markers predicting chemotherapy response, although clearly there is heterogeneity in the response (3) (4) (5) . One pathway that is emerging as a potential determinant of therapeutic response is the retinoblastoma (RB) tumor suppressor pathway (6) (7) (8) .
The RB pathway is disrupted in a large fraction of human cancers via distinct mechanisms (9) . There is evidence for RB genetic inactivation and histologic loss in some breast cancers (10) (11) (12) (13) (14) . In addition, the RB protein can be inactivated by posttranslational modifications that are the subject of oncogenic (e.g., cyclin D1 overexpression/amplification) or tumor suppressive (e.g., p16ink4a silencing) alterations. These events compromise the activity of RB as a transcriptional repressor, and dysregulate cell-cycle progression (10, 15) . Historically, loss of RB function has been associated with aberrant proliferation contributing to cancer etiology and disease progression. However, RB also plays a critical role in the response to many antiproliferative stresses that are engaged by therapeutic agents (6, 7) . For example, preclinical studies have shown that RB loss compromises DNA damage checkpoints, leading to enhanced cell death in simple isogenic models treated with chemotherapy (16, 17) . These findings suggest that distinct alterations in the RB pathway could modulate the response to commonly used therapeutic regimens.
Breast cancer treatment typically involves a multidisciplinary approach combining surgery with systemic therapies. While historically, surgery has preceded treatment with adjuvant therapy, there has been a significant increase in neoadjuvant therapy (18, 19) . Multiple studies have shown that the response to neoadjuvant therapy is effective at predicting the ultimate course of tumor behavior and specific determinants of that response are being sought. Importantly, pathologic response in neoadjuvant studies reveals direct tumor response to a given therapy, independent of overall prognostic variables that can confound analyses of survival. In this study, we retrospectively analyzed the association of RB function with response to neoadjuvant chemotherapy in multiple distinct cohorts. We show that RB deficiency is associated with improved pathologic response and could thus be used to identify those patients who will most benefit from neoadjuvant chemotherapy treatment.
Materials and Methods

Neoadjuvant breast cancer datasets
Raw microarray data files and sample annotation for datasets GSE20194, GSE20271, GSE22093, GSE23988, and GSE25066 were downloaded from the Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/). Information about the characteristic of the patients involved in these datasets is publicly available through GEO website. These datasets include gene expression data on pretreatment tumor specimens, and the corresponding pathologic response to three chemotherapy regimens: paclitaxel, Taxane/5-fluorouracil/Adriamycin/Cytoxan (T/ FAC), FAC, and Taxane/Adriaymcin (TA). A summary of the patient cohorts and simple demographics, based on the information that is available on those datasets, are provided in Supplementary Fig. S1 .
Dataset normalization, RB-loss signature, and cutoff points Microarray sample .CEL files were normalized against a reference dataset in Matlab version 2011b (The MathWorks) using a modified version of the Robust Multichip Average (RMA) procedure previously described (15, 20) . This procedure retains only those features included on the HGU133A microarray platform, for a total of 22277 probe sets. Gene annotation for the 22277 probe sets was obtained from the HGU133A annotations file version na32, dated June 9, 2011, downloaded from the Affymetrix website (http://www.affymetrix.com/). Genes with multiple probe sets were handled by averaging their rows together and scaling by the probe set with the largest standard deviation. For consistency with previous work on the RB-loss signature, transcript profiles were analyzed relative to values in the dataset analyzed in Ertel and colleagues (15) . The genes making up the RB-loss signature are provided in Supplementary Fig. S2 . The profiles of 137 RB-loss signature genes represented in the neoadjuvant datasets were centered around the median of the breast cancer dataset from Ertel and colleagues, and averaged to obtain the RB-loss signature magnitude (15) . In our previous study (15) , X-Tile software was used to find thresholds for the RB-loss signature corresponding with optimal partitions in the breast cancer patient population, to define groups of low, intermediate, and high risk for 10-year recurrence. Those partitions were found at the 25th and 48th percentile in all patients, at the 29th and 60th percentile in ER-positive patients, and the 24th and 72nd percentile for ER-negative patients. While histologic ER status was available for all neoadjuvant treatment breast cancer microarray samples, a transcript-levelbased ER status prediction was also computed from the ESR1 205225_at probe set, using a normalized RMA expression cutoff of 7.5, as described in previous work (15) .
RB-loss signature as a predictor of neoadjuvant response
The RB-loss signature was evaluated as a predictor of neoadjuvant pathologic response using several statistical tests for each neoadjuvant treatment. Initially, the RB-loss signature was used to rank the breast cancer samples from low to high signature expression. The Kolmogorov-Smirnov (K-S) test was used to evaluate the null hypothesis that responders and nonresponders would be evenly distributed across the continuous spectrum of RB-loss signature
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expression. In a similar manner, continuous values of the RB-loss signature were evaluated using receiver operating characteristic (ROC) curves and area-under-the-curve (AUC) values. Discrete analyses were also conducted, using boxplots and 2-sided, 2-sample t tests to evaluate differences between expression magnitudes in responders and nonresponders. In addition, the discrete RB-loss signature cutoffs were used to predict pathologic response to neoadjuvant therapies. Breast cancer samples were divided into high and low RB-loss signature expression, first based on a mean RBloss signature magnitude cutoff, and then on high and low cutoffs that were previously established for optimal separation of short-term and long-term relapse-free survival in an independent dataset (15). Significant differences in the distribution of responders and nonresponders in the high and low RB-loss signature expressing groups were evaluated using the c 2 test. In addition, measures of test performances, including sensitivity, specificity, and predictors values were calculated and are reported separately in Supplementary  Fig. S3 .
Neoadjuvant cohort and tissue staining
The TJU neoadjuvant cohort consists of 98 patients treated at the Thomas Jefferson University Hospital with neoadjuvant chemotherapy. The ER, progestrone receptor, and Her-2 status were determined in a clinical laboratory. The immunohistochemical (IHC) staining for p16ink4a and RB was conducted and scored as previously described (21) . The Miller-Payne and clinico-pathologic scoring (CPS) analyses were conducted by assessment of the preand posttreatment specimens (22, 23) . The Miller-Payne criteria takes into account the overall cellularity of the tumor, wherein grade I represent no reduction in cellularity, grade II represent a minor loss of tumor cells (up to 30%), grade II represents a 30% to 90% reduction in cellularity, grade IV represents few distributed viable cells, and grade V represents no viable malignant cells. The CPS compares the pretreatment clinical tumor stage with the posttreatment pathologic evaluation. A low score is indicative of pathologic response. The association between p16ink4a and Rb, measured by IHC, and pathologic complete response (pCR) Figure 1 . RB-loss signature is associated with response to FAC neoadjuvant therapy. A, tumors were clustered on the basis of the relative level of the RB-loss signature. The heat map depicts all of the genes within the signature. Below the bars denote the average RB-loss signature value, the RB1 transcript, clinically defined ER status, and the expression of the estrogen receptor 1 (ESR1) transcript. The bottom color bar provides the relationship to pCR versus residual or progressed disease (no pCR). The relationship of chemotherapy response to RBloss signature was determined using K-S statistical modeling. B, ROC analyses of the RB-loss signature in this cohort were determined for predicting response (left) and the RB-loss signature expression value as a function of no pCR versus pCR was determined (right). C, bar graphs showing the frequency of response based on median signature value (left) or a previously determined cutoff point (right).
was determined using an unpaired t test. The association between RB status with ER and Her-2 status was also explored. Data analyses were conducted in GraphPad Prism.
Results
Gene expression signature of RB loss is associated with complete pathologic response to FAC therapy Preclinical studies have shown that RB loss is associated with improved response to chemotherapeutic regimens (6, 7) . Because the clinical response (e.g., overall survival or recurrence free survival) is modified by multiple prognostic variables, we focused on determining the predictive value of RB function on the pathologic response to neoadjuvant chemotherapy. We used a well-characterized gene expression signature of RB loss, defined in preclinical models (15, 24, 25) , to allow quantitative assessment of RB function across tumor specimens (15, 24, 25) . This signature was used to stratify of a cohort of 143 patients who were treated with neoadjuvant FAC therapy at the MD Anderson Cancer Center (26) (27) (28) . The signature showed significant heterogeneity across tumors. In general, tumors with the highest level of the RB-loss signature were ER negative (Fig. 1A) . Using the nonparametric K-S statistic to test for an association across all tumors, the RB-loss signature associated with pCR and was highly significant (P ¼ 0.0002). By ROC analyses, the AUC for the RB-loss signature was 0.76, indicating relatively high sensitivity and specificity for predicting response (Fig. 1B, left graph) . Unbiased assessment of the RB-loss signature expression difference between cases with a pCR and other cases was similarly significant (Fig. 1B , right graph). In this dataset using either median signature value (Fig. 1C, left) or previously determined high/low cutoff points (Fig. 1C, right) the RB-loss signature was highly effective at determining tumors that experienced a pCR.
It is well known that ER-positive and ER-negative cancers exhibit a differential response rate to neoadjuvant chemotherapy that can be modified by Her-2 status. In this cohort, there were no Her-2-positive tumors ( Supplementary  Fig. S1 ). However, the percentage of pCR in ER-positive patients was approximately 15%, whereas in ER-negative patients was approximately 35%. To determine whether the RB-loss signature had value in either of the tumor type, the ER-positive and ER-negative cases were analyzed separately (Fig. 2) . These analyses showed that RB-loss signature value was associated with pCR in both ER-positive and ERnegative cases ( Fig. 2A) . Interestingly, the AUC was virtually identical irrespective of hormone receptor status (Fig. 2B) . Correspondingly, in ER-positive tumors exhibiting a high RB-loss signature had approximately 40% pCR, whereas those with low RB-loss signature had approximately 5% pCR. In ER-negative breast cancer, high RB-loss signature pCR frequency was approximately 50%, whereas low RBloss signature was approximately 13%. These data were highly significant irrespective of cutoff point used. These findings indicate that analyses of RB status could be particularly useful in defining tumors with a particularly poor response to FAC neoadjuvant chemotherapy, and thereby enrich for responsive cases.
RB-loss signature is associated with improved pathologic response to other chemotherapy regimens
As there are multiple forms of neoadjuvant chemotherapy used in the clinic, we also investigated cases that were treated with TA and T/FAC regimens (Figs. 3 and 4 , respectively; refs. [26] [27] [28] . In each cohort, the RB-loss signature was generally associated with pCR (Figs. 3A and 4A) . The AUC was 0.75 for both TA and T/FAC treatment (Figs. 3B  and 4B) . These values were in very close agreement with that observed with FAC therapy, suggesting a wide-ranging impact of RB-pathway dysfunction on the response to cytotoxic neoadjuvant chemotherapy regimens. Similarly, irrespective of ER status, the RB-loss signature was predictive for improved response to therapy (Figs. 3B and C and 4B and C). Interestingly in the T/FAC cohort, there was a small subset of tumors that were Her-2-positive ( Supplementary Figs. S1 and S5 ). Although the overall size of this subset was small, the RB-loss signature had no predictive significance in these tumors ( Supplementary Fig.  S5 ), suggesting that the predictive use of RB deficiency is most pronounced in luminal ER-positive and triple negative breast cancer.
Elevated p16ink4a expression correlates with the RBloss signature and is associated with improved pathologic response A key marker for RB pathway status in the clinic is the p16ink4a tumor suppressor (8, 24) . In tumors that have lost RB function by deletion or viral oncoproteins, the expression of p16ink4a is highly elevated (8) . Thus, p16ink4a staining is routinely used in the diagnoses of cervical and head and neck cancers that are human papilloma virus positive (8) . Here, we investigated the use of p16ink4a as a single marker for neoadjuvant response. There was a significant correlation between RNA levels of the p16ink4a gene (CDKN2A) and the RB-loss signature (Fig. 5A) . Correspondingly, association between p16ink4a transcript level and pCR was significant based on testing with the K-S statistic (Fig. 5A) . In ROC analyses, the AUC on the datasets was similar to that observed with the RB-loss signature (0.654 T/FAC, 0.738 FAC, and 0.7144 TA) and exhibited a similar enhanced expression in tumors that experienced a pCR (Fig. 5B) . The response rate of tumors with elevated expression approached that of RB-deficient tumors (Fig. 5C) , and was relevant to both ER-positive and ERnegative cases (not shown). These combined studies suggest that p16ink4a levels and RB status could be particularly relevant to the response of breast cancers to neoadjuvant chemotherapy.
Immunohistochemical analyses of RB and p16ink4a show association with response to neoadjuvant chemotherapy Gene expression profiling is a powerful approach for defining potential pathways involved in therapeutic response, but can be difficult to bring to the clinic (29) . In addition, it does not necessarily define the underlying lesion driving a particular gene expression signature, although the data with high levels of p16ink4a transcript support a direct role for the RB pathway in response to neodjuvant chemotherapy. Therefore, we expanded our analysis by directly assessing the histological status of p16ink4a and RB protein in pretreatment biopsies from a cohort of patients treated with neoadjuvant chemotherapy (TJU cohort). Overall demographic and clinicopathologic features of this cohort are summarized in Table 1 . RB negative tumors were statistically associated with ERnegative status (P < 0.05) and higher nuclear grade (P < 0.05); however, no association was found with Her-2 status (Supplementary Fig. S4 ).
We found a clear reciprocal relationship between RB and p16ink4a tumors that exhibited low/absent p16ink4a staining were clearly positive for RB staining (Fig. 6A ). In contrast, tumors that exhibited high levels of p16ink4a were generally devoid of RB staining in the tumor compartment, although positive staining was apparent in stroma and lymphocytes (Fig. 6B) . Of the 97 cases evaluated, 26 were characterized by RB protein loss. The rate of pCR amongst these cases was 40.7% (Fig. 6C, left) . In contrast, in the remaining 71 cases that were clearly RB positive the pathologic response rate was 12.8% (Fig. 6C, left) . One case exhibited mixed RB-positive and RB-negative portions of the tumor and was excluded from the analyses. In the case of p16ink4a, there were 20 cases that exhibited robust staining (score 3), and the majority of these cases were RB deficient Figure 2 . Signature of RB loss is associated with response to FAC neoadjuvant therapy in both ERpositive and ER-negative breast cancer. A, tumors that were either clinically defined as ER-positive or ER-negative were clustered based on the relative level of the RB-loss signature. The heat maps depict all of the genes within the signature. The bars denote the average RBloss signature value, the RB1 transcript, clinically defined ER status, and the expression of the estrogen receptor 1 (ESR1) transcript. The bottom color bars provide the relationship to pCR versus residual or progressed disease (no pCR). The relationship of chemotherapy response to RBloss signature was determined using K-S statistical modeling. B, ROC analyses of the RB-loss signature in either ER-positive or ER-negative cases was determined for predicting response (left) and the RB-loss signature expression value as a function of no pCR versus pCR was determined (right).
(not shown). The frequency of pCR in this group was 38.1%, whereas in cases with intermediate and low p16ink4a staining (score 0-2) only 15.8% of tumors experienced a pCR (Fig. 6C, right) . These data were significant in univariate analyses: P ¼ 0.0018 for RB loss and P ¼ 0.0253 for p16ink4a high.
To determine whether the sensitivity of tumors to chemotherapy was only reflective of complete response or whether there was also a relationship with higher degrees of pathologic response, the Miller-Payne and the CPS criteria were applied (22, 23) . The Miller-Payne criteria takes into account the overall cellularity of the tumor, wherein grade I represent no reduction in cellularity, grade II represent a minor loss of tumor cells (up to 30%), grade III represents a 30% to 90% reduction in cellularity, grade IV represents few distributed viable cells, and grade V represents no viable malignant cells. Amongst RB-negative cases, 13 of 25 (52%) experienced a grade V response, and the median response across all cases was 4 (average 4.2; Fig. 6D,  left) . In contrast, only 13 of 71 (18.3%) of the RB-positive cases experienced a grade V response, with a median response of 3 (average 3.2; Fig. 6D ). Thus, the overall response to neoadjuvant chemotherapy, measured by Miller-Payne criteria, was significantly higher in RB-negative tumors (P ¼ 0.0004). A similar improved response was observed with high p16ink4a (P ¼ 0.0063) cells. The CPS compares the pretreatment clinical tumor stage with the posttreatment pathologic evaluation. A low score is indicative of pathologic response. For both RB loss and p16ink4a high cases the median CPS was 1, whereas for RB-positive or p16ink4a intermediate/low tumors the median CPS was 2 (Fig. 6E) . Thus, by multiple different criteria dysregulation of the RB pathway predicts improved response to neoadjuvant chemotherapy.
Discussion
While molecular targeted therapies are generally considered the future of cancer treatment, current conventional cytotoxic chemotherapies can be quite effective in the treatment of breast cancer (5, 26) . However, there are few accepted markers to define patients that will benefit from such therapies. Thus, there is significant concern that many patients are treated with therapies that have little benefit, with potential serious side effects. In the neoadjuvant setting, a pCR is associated with long-term durable response; the CPS score can be used to approximate the likelihood of 5-year disease-free survival (23) . Our data suggest that disruption of the RB tumor suppressor pathway is a useful predictive marker of response to neoadjuvant chemotherapy. This was observed using three different approaches (RB-signature, p16ink4a levels, and RB The RB-loss signature is associated with response to TA neoadjuvant therapy. A, total tumors and ER-positive/ER-negative groupings were clustered based on the relative level of the RB-loss signature. The heat map depicts all of the genes within the signature. Below the bars denote the average RB-loss signature value, the RB1 transcript, clinically defined ER status, and the expression of the estrogen receptor 1 (ESR1) transcript. The bottom color bars provide the relationship to pCR versus residual or progressed disease (no pCR). The relationship of chemotherapy response to RB-loss signature was determined using K-S statistical modeling. B, ROC analyses of the RB-loss signature in this cohort were determined for all cases as well as by ER status (left). The RB-loss signature expression value as a function of no pCR versus pCR was determined in total and ER-specific groups (right). C, bar graphs showing the frequency of response based on median signature value (left) or a previously determined cutoff point (right). . The RB-loss signature is associated with response to T/FAC neoadjuvant therapy. A, total tumors and ER-positive/ER-negative groupings were clustered based on the relative level of the RB-loss signature. The heat map depicts all of the genes within the signature. Below the bars denote the average RB-loss signature value, the RB1 transcript, clinically defined ER status, and the expression of the estrogen receptor 1 (ESR1) transcript. Color bar provides the relationship to pCR versus residual or progressed disease (no pCR). The relationship of chemotherapy response to RB-loss signature was determined using K-S statistical modeling. B, ROC analyses of the RB-loss signature in this cohort were determined for all cases as well as by ER status (left). The RB-loss signature expression value as a function of no pCR versus pCR was determined in total and ER-specific groups (right). C, bar graphs showing the frequency of response based on median signature value (left) or a previously determined cutoff point (right). histological levels), multiple chemotherapy regimens, different scoring criteria, and greater than 600 cases.
As the RB pathway can be disrupted by multiple mechanisms, a molecular profiling approach provides a means to quantitatively assess multiple modes of RB dysregulation (15) . The RB-loss signature was specifically defined in preclinical models of RB manipulation, and represents a gene expression profile that reflects the functional inactivation of the protein as can occur through multiple mechanisms in cancer (15) . The signature was associated with ERnegative disease, and pCR. Because there is a general improved response to chemotherapy in ER-negative cases, Figure 5 . The expression of CDKN2A is associated with RB deficiency and response to neoadjuvant therapy. Cases treated with FAC, TA, and T/FAC were clustered based on the relative expression of CDKN2A. The correlation between CDKN2A expression and the RB-loss signature was determined (R-value shown). The RB1 expression, ER status, estrogen receptor 1 (ESR1) expression, and pathologic response were shown. The statistical relationship with response was defined using the K-S statistic. B, ROC analyses of CDKN2A expression in these cohorts and the relationship relative expression levels in pCR versus non-pCR cases were determined. Data shown are for FAC and TA cases. C, bar graphs show the frequency of response based on the median CDKN2A expression value.
it was important to independently evaluate RB status with respect to ER status. These data showed that in both ERpositive and ER-negative tumors RB loss was associated improved response to neoadjuvant therapy. In these analyses, we largely excluded Her-2-positive cases because of the differential treatment for such tumors (i.e., incorporation of Her-2 antagonists). Thus, our studies were generally applicable to luminal and triple negative breast cancer. As there are many different neoaduvant chemotherapy regimens, used largely at physician discretion, any classifier of chemotherapeutic response must be applicable to a range of regimens. The RB-loss signature was relevant with multiple chemotherapy regimens, suggesting a potential general use. However, it is possible that for certain regimens the RBloss signature would not have use. This was apparently the case in Her-2-positive cancers, wherein RB-loss signature did not associate with response in a limited subtype analyses. Furthermore, the association of the RB-loss signature with improved response was not applicable to all neoadjuvant regimens, as using the same methodology, it was associated with poor response to neoadjuvant letrozole treatment (not shown). These data suggest that RB dysfunction could be a specific determinant of response to chemotherapy, and define ER-positive tumors that would experience little benefit from endocrine therapy and a substantial benefit from neoadjuvant chemotherapy.
Because diagnostic testing using a molecular signature in the clinical environment can be unwieldy (29), we evaluated whether surrogates of the RB-loss signature could be useful for predicting pathologic response. Interestingly, Rb1 transcript levels are not a particularly useful determinant of RB status in tumors (15, 30) . However, elevated p16ink4a transcript and protein levels are known to occur in multiple settings of RB loss (8) . As shown here, p16ink4a mRNA levels were highly correlated with RB-loss signature, and as a single marker was differentially associated with tumors experiencing a pathologic response. The involvement of p16ink4a protein levels as a marker of response was also interrogated in a retrospective analyses of neoadjuvant cases. A high level of p16ink4a was associated with improved pathologic response, whereas p16ink4a loss/low was associated with a worse response to neoadjuvant therapy. These studies are concordant with the observation in head and neck cancer that p16ink4a high tumors (those that have RB-pathway inactivated by HPV or other mechanisms) harbor an improved therapeutic response (31) . Interestingly, the relatively few cases that had an intermediate level of p16ink4a staining experienced an intermediate pathologic response rate between high and low or absent staining. As expected, there was a significant inverse correlation between p16ink4a and RB status. This correlation was not absolute and several RB deficient tumors did not exhibit high levels of p16ink4a. The findings with elevated p16ink4a strongly supported that disruption of RB protein function is a key determinant of tumors that experience a pathologic response to neoadjuvant therapy.
The preceding findings supported directly evaluating RB protein levels in clinical specimens. The staining for RB was extensively optimized and incorporated the use of positive/ negative controls. In the cohort analyzed, RB loss was more prevalent in ER-negative cases ($50%), but also occurred in ER-positive cases ($18%). Histologic RB loss was strongly associated with improved response to neoadjuvant chemotherapy as determined by frequency of pCR. While the data were significant, there is room to enhance the predictive value of RB loss, and presumably combining with other tumor suppressors (e.g., p53 and PTEN) or oncogenes (e.g., PIK3CA) the sensitivity and specificity could be enhanced. Importantly, there was a striking agreement between the in silico profiling data and the direct analyses of RB by immunostaining. Interestingly, RB loss was a slightly better marker of response than p16ink4a, and defined cases with moderate or low staining for p16ink4a that exhibited a pCR. Using CPS and Miller-Payne scoring systems, it was apparent that there was also general improvement in response to neoadjuvant therapy not solely at the level of complete response which again modestly outperformed p16ink4a staining. Together, these data indicate that the loss of RB, which occurs relatively frequently in locally advanced disease, could be a useful tool for defining patients that experience an improved response to neoadjuvant chemotherapy. 
